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INTRODUCTION
Permafrost and the Rationale for Monitoring

Historical Perspective

Permafrost is ground (soil or rock and included ice and
organic material) that remains at or below 0 °C for at least two
consecutive years. Permafrost terrain consists of an “active layer”
at the surface that freezes and thaws each year, underlain by
perennially frozen ground. The top of permafrost is at the base of
this active layer. The base of permafrost occurs where the ground
temperature rises above 0 °C at depth (Osterkamp and Burn,
2002). In some cases, temperature measurements over a period
of two years are required to determine the presence or absence
of permafrost. Temperature measurements are also required to
determine the status of the permafrost. Permafrost that is warm
and/or warming is in danger of thawing.

Approximately 25% of the exposed land area of Earth and
~80% of Alaska are underlain by permafrost. Mountain perma-
frost occurs at high elevations in western North America and on
Mount Washington in New Hampshire. Permafrost has also been
found near the summit of Mauna Kea in Hawaii.

Permafrost is a product of cold climates. The first perma-
frost on earth must have existed prior to or formed coincidentally
with the first glaciation, ~2.3 billion years ago. Permafrost occur-
rences, distribution, and thicknesses must have increased during
periods of cold climates and decreased during warm intervals.
Permafrost may have disappeared in the Arctic ~50 million years
ago. The current permafrost in Alaska appears to have been initi-
ated during the climatic cooling that began ~2.5 million years
ago. During the past million years, there is evidence of repeated
glaciations at ~100,000-year intervals, and permafrost thick-
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nesses varied significantly in response to them (Osterkamp and
Gosink, 1991). The last glacial period ended ~12—-14 thousand
years ago. About 8-10 thousand years ago, the climate may have
been slightly warmer than present. During the last millennium,
there was a warm period in the medieval era, followed by a “little
ice age.” Permafrost is currently responding to the global warm-
ing since then.

Global air temperatures have increased since the mid-1800s
(Hansen and Lebedev, 1987). Increases in air temperatures have
resulted in an increase in permafrost temperatures. However,
other climatic factors, especially timing, duration and accumula-
tion history of the annual snow cover and site wetness impact
permafrost temperatures. These factors modify the effects of
changes in air temperatures (Zhang et al., 1996).

The climatic changes of the past century coupled with
recent observations of warming and thawing permafrost have
caused concern about the future of permafrost (PCCGR, 1983;
McBeath, 1984). Thawing permafrost in natural settings has been
observed in Alaska (Osterkamp, 1994, 1995; Osterkamp et al.,
1998, 2000; Jorgenson et al., 2001a). Warming of the permafrost
has continued into the twenty-first century in Alaska, Europe,
Svalbard, Canada, Russia, China, and Mongolia (Phillips et al.,
2003). There are increasing reports of thawing permafrost and
thermokarst terrain (an irregular topography resulting from
thawing permafrost containing excess ground ice) in Alaska
(Osterkamp et al., 2000; Jorgenson et al., 2001a; Jorgenson and
Osterkamp, 2005). Thin permafrost is thawing from the bottom
up at some sites (Osterkamp, 2003a; 2005). Ice wedges are thaw-
ing in the Alaskan Arctic where temperatures were thought to be
too cold for this to happen (Jorgenson et al., 2006).

Global circulation models predict that air temperatures will
increase up to 5 °C in the next half century (Maxwell, 1992).
Since continuous permafrost (a region where permafrost occurs
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everywhere beneath exposed land surfaces) is typically colder
than —6 °C, no widespread thawing is expected, although some
areas may experience localized thawing, slope instability and
ice wedge thawing. Discontinuous permafrost (a region where
some areas are free of permafrost) and mountain permafrost
(permafrost existing at high altitudes) at low latitudes are much
warmer, so any climatic warming will cause thawing. A warming
of just a few degrees would cause most of it to begin thawing.
Thawing proceeds from the top downward and, eventually, from
the bottom upward. Thawing rates are slow, initially on the order
of 0.1 m per year near the surface, and theoretically less than
0.02 m per year at the base (Osterkamp, 1983). Thus, times rang-
ing from decades to millennia are required to thaw discontinu-
ous permafrost.

All of the national parks and preserves on mainland Alaska
are at least partially underlain by permafrost. Those south of the
Yukon River and on the south side of the Seward Peninsula are
underlain by warm, discontinuous permafrost, typically within
a few degrees of thawing. Recent sparse measurements indicate
that much of it is within a degree of thawing (Osterkamp, 1983;
1994; 2005; 2007). These measurements also show that it has
warmed significantly during the last quarter century (Osterkamp
and Romanovsky, 1999; Osterkamp, 2003a; Osterkamp, 2005;
2007). Thawing permafrost, landslides, and thermokarst terrain
have been observed in and around these parks (Osterkamp et al.,
2000; Jorgenson et al., 2001a; Jorgenson et al., 2006). An esti-
mated 100,000 km? of mountain permafrost occurs in the con-
tiguous states at elevations as low as 2200 m (Péwé, 1983). Many
of the parks in the western United States have mountainous areas
with higher elevations. While there is little information available,
mountain permafrost in the contiguous states is also thought to be
very warm (within a degree or two of thawing). Because ice helps
bond slope deposits, landslides and thaw slumps are expected to
occur when these areas thaw (Huscroft et al. 2004). In addition,
permafrost impedes subsurface drainage, creating wet to moist
conditions that provide good habitat for many alpine plant spe-
cies. Thawing of the permafrost would increase drainage and dry
the soil, thus impacting the vegetation.

The combination of the above observations and conditions
and the predicted climatic warming of the twenty-first century
are cause for concern about the future condition of permafrost in
national parks and preserves in Alaska and in the mountains of the
contiguous states. Thus, it is important to determine what changes
have already occurred, to determine the current status of the per-
mafrost, and to monitor changes that may occur in the future.

Cause for Concern

Why should there be concern for thawing permafrost? Cur-
rent climatic scenarios predict up to 5 °C of additional warming of
the air temperatures in Alaska and the Bering Sea regions over the
next century (Weller et al., 1995). At the low end of the predicted
warming (23 °C), most of the discontinuous permafrost in Alaska
would thaw, creating many attendant problems (Osterkamp, 1983;
PCCGR, 1983; Nelson et al., 1994; Osterkamp et al., 1998).
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Thawing of ice-rich permafrost and creation of thermokarst ter-
rain has been identified as one of the primary problems facing
northern ecosystems as a result of climatic warming (Osterkamp
et al., 2000; Jorgenson et al., 2001a). While smaller changes are
predicted for the contiguous states, any warming there would
cause some of the mountain permafrost to thaw.

Boreal forests typically cover discontinuous permafrost in
interior Alaska below elevations of 700-1000 m. Sparse data
around these parks indicates that permafrost there is usually
within 1-2 °C of thawing. The edges of isolated permafrost bod-
ies are already at the thawing point. If the observed warming of
the permafrost underlying boreal forest ecosystems in Alaska
continues, then additional permafrost will thaw. Where the per-
mafrost is ice-rich (roughly 50% ice), thawing changes the ice
to water, creating a mud slurry that cannot support the weight of
overlying soil or vegetation, thereby degrading the physical foun-
dation of terrestrial ecosystems. The observed effects are that the
ground subsides, and landslides and thermokarst terrain develop,
consisting of channels, pits, troughs, potholes, ponds, lakes, and
“drunken forests” (trees leaning in random directions). In addi-
tion to these broad-scale climatic effects, thermokarst terrain can
also be produced locally by disturbances associated with fires,
floods, and human and animal disturbances.

Thermokarst drastically modifies and remolds the ground
surface and alters surface and groundwater hydrology. This pro-
cess can modify or totally change ecosystems, human activi-
ties, infrastructure, and the fluxes of energy, moisture, and gases
across the ground surface-air interface. Plant species composi-
tion and distribution, plant community productivity, soil chem-
istry, biological activity, and nutrient supply for plant use can be
substantially altered by this geological phenomenon. Drainage
conditions determine whether standing water will be present. The
affected trees usually die, and vegetation changes significantly
(Fig. 1). These changes in the flora have a direct impact on fauna.
In lowlands or relatively flat areas, a shift from boreal forests to
shrub swamps and wet meadows often occurs with concurrent
changes in bird and animal populations (Osterkamp et al., 2000;
Jorgenson et al., 2001a, 2006). The new ecosystems often favor
aquatic birds and mammals.

Thus, the result of thawing ice-rich permafrost in a boreal
forest ecosystem is not just a slight shift in the nature of the eco-
system, but rather partial or total destruction of the ecosystem
and replacement with a new ecosystem.

Time scales to create thermokarst terrain are around a
decade, but can range from several years to centuries. Time scales
for recovery of the ecosystems appear to range from centuries
to millennia although, in many cases, recovery may be impos-
sible because of permanent changes in relief, drainage, and
other factors.

Need for Monitoring

Although little can be done about the terrestrial and eco-
logical changes associated with natural thermokarst, knowledge
about the patterns and processes of thermokarst development
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Figure 1. Thermokarst terrain in the Slana River valley northeast of
Wrangel-St. Elias National Park and Preserve, Alaska, showing the
destruction of this boreal forest ecosystem that previously supported
terrestrial birds and mammals (including caribou). It is being converted
to wetlands with grasses and shrubs favoring moose and aquatic birds
and mammals. Note the trees that are tilted and dying in the upper left
background of the photo. The permafrost terrain is “inflated” (heaved
upwards) nearly 3 m during permafrost formation due to ice growth.
The ground surface then settles or compacts a similar amount during
thawing of the ice-rich permafrost. (Photo by T. E. Osterkamp.)

is essential for anticipating the potential impacts and for devel-
oping rational responses to them. Detailed observations and
measurements of the thermal regimes and physical conditions of
the permafrost are needed.

Permafrost conditions in the parks and preserves of Alaska
and the mountains of the contiguous states depend on a number
of factors. Thus, monitoring sites need to be developed in each
park to span the range of conditions found there. Accordingly,
this chapter makes recommendations for standard methods for
observations and measurements that can be applied across a net-
work of parks to determine what changes have already occurred,
document current conditions, and monitor future changes.

STRESSORS AND MONITORING SITE
REQUIREMENTS

Factors Influencing Permafrost

Factors that influence permafrost are those that cause its sur-
face and internal temperatures to vary as a result of changes in
the energy balance at its surface (including sides and bottom).
These factors can include: climate (air temperature, precipita-
tion as rain or snow, wind); physical terrain (topography, slope,
aspect); hydrology (surface drainage and site wetness, proximity
of nearby water bodies, presence of underground water, flood-
ing); vegetation (shading, insolation, snow interception); geology
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(soil and rock, geothermal heat flow, tectonic setting); and distur-
bances (human, animal, fire). These factors operate at different
time (days to millennia) and spatial (local to regional) scales. Our
primary concern is with changes in permafrost conditions ranging
from annual to multi-decadal periods. Consequently, this chapter
is concerned with monitoring factors that vary significantly over
these time scales. Annual changes in permafrost temperatures are
caused primarily by changes in air temperatures, Snow cover, site
wetness, and disturbances. In terms of spatial scale, monitoring
should address detailed changes at the site level, along with remote
sensing to quantify changes at landscape and regional scales.

Mapping Permafrost for Site Selection

As an initial step toward establishing a network for monitor-
ing permafrost conditions, it is necessary to understand the per-
mafrost distribution within a given area or park. Information on
permafrost distribution at the landscape level (1:100,000 scale)
could include: (1) compilation of information from detailed field
soil surveys and mapping; (2) photo-interpretation of Landsat
images by an expert knowledgeable in interpreting periglacial
and thermokarst features; or (3) spatially explicit thermal model-
ing of ground temperatures. This information can be used for the
design of a monitoring network, park planning, and assessment
of regional ecosystems.

Detailed field soil and ecological inventories have been
completed for three parks in Alaska, and the differing mapping
products for these parks provide useful examples of how exist-
ing soils information could be used to delineate permafrost. In
Denali National Park and Preserve, an ecological landscape unit
map was created by the National Resource Conservation Service
(Clark and Duffy, 2003) that incorporates attributes for surficial
geology, soil thermal regime and permafrost abundance (Fig. 2).
This map could be used to identify fine-grained lowland deposits
with permafrost that would be at high risk for thermokarst, or
coarse-grained, stable upland areas where thermokarst potential
is low. Similarly, the ecotype map for the Bering Land Bridge
National Preserve (BELA) and Cape Krusenstern National Mon-
ument (Jorgenson et al., 2004), and the ecological unit map for
the Kobuk portion of the Gates of the Arctic National Park and
Preserve (Swanson, 2000, 2001a) have units with closely associ-
ated soil taxon and permafrost characteristics. In BELA, Lowland
Sedge Fen Meadows and Upland Moist Dwarf Birch—-Tussock
Shrub ecotypes usually are associated with ice-rich permafrost,
while the Alpine Alkaline Dry Barrens and Riverine Barrens usu-
ally have ice-poor permafrost.

While landscape-level soil mapping for Denali included a
specific attribute for permafrost abundance, standard soil maps
also are useful because of the incorporation of permafrost soils
in the soil taxonomy (NRCS, 2003). When using soil maps, there
are certain terms to look for. The Gelisol order is specific to per-
mafrost soils that have permafrost within one meter of the soil
surface, or permafrost within two meters of the soil surface if the
top meter shows evidence of cryoturbation. Some groups (e.g.,
Hemic Glacistels) are specific to extremely ice-rich soils. In



208

addition, the Gelepts suborder within the Inceptisols differenti-
ates soils that have permafrost below 2 m. These tend to occur in
ice-poor rocky soils in alpine areas.

If permafrost information is not available from field surveys,
a reconnaissance-level map of permafrost can be developed from
interpretation of satellite images or small-scale aerial photogra-
phy. Methods are well developed for relating permafrost char-
acteristics to landforms and surficial deposits (Stoeckler, 1949;
Frost et al., 1973; Brown and Péwé, 1973; Crampton and Rutter,
1973; Ferrians and Hobson, 1973; Zoltai and Pettapiece, 1973;
Thie, 1974; Péwé, 1975; Kreig and Reger, 1982; Brown et al.,
1997; Camill, 1999; Jorgenson et al., 1999). A more probabilis-
tic approach has recently been used to develop vegetation-soil-
permafrost associations for areas in central Alaska (Jorgenson
et al.,, 1999, 2001b). This mapping approach is most reliable
in lowland areas with fine-grained soils where periglacial and
thermokarst features tend to be well developed. In contrast, the
reliability of photo-interpretation is poor for rocky upland and
subalpine areas where information on the thermal status is sparse.
Recent subsection-level mapping of ecological units for national
parks can also serve as the basis for generalized permafrost maps,
using the characteristics provided in the map unit descriptions
(Swanson, 2001b; Jorgenson, 2001; Clark and Duffy, 2003).

Modeling is another approach that can be used to predict
permafrost distribution. The modeling can employ simple index
models based primarily on air temperatures (Nelson, 1986;
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Figure 2. Map of permafrost distribution
in Denali National Park and Preserve
based on the soil survey of the park
(adapted from Clark and Duffy 2003).
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Anisimov and Nelson, 1996) or more data-intensive models that
also incorporate topography, soils, vegetation, and snow (Jorgen-
son and Kreig, 1988; Wright et al., 2000; Jorgenson et al., 2003).
The modeling is particularly helpful for hilly or mountainous ter-
rain. Accurate modeling, however, is dependent on site-specific
parameterization of these thermal characteristics. In addition,
groundwater is an important factor affecting the distribution
of permafrost in the discontinuous permafrost zone, but this is
absent from current modeling approaches.

Desirable Site Conditions

Preliminary selection of monitoring sites can be done using
existing information such as soil surveys, topographic and surfi-
cial geology maps, satellite images, and aerial photographs.
However, at least two field trips to proposed major sites (those
where multiple observation and measurement methods will be
employed) should be made during summer and near the time of
maximum snow thickness to determine site conditions and select
the precise location of the site. The site conditions discussed below
are specific to permafrost observatories (including boreholes)
designed to study the effects of climate change on permafrost and
thermokarst terrain. Some of the conditions are chosen to make
data acquisition and analyses easier for the investigator, such as
accessibility and terrain. Sites for thermokarst studies must be
selected where thermokarst exists. However, requirements can
vary depending on whether the site is for thermal monitoring in
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deep boreholes, where uniform characteristics are desired, or for
thermal and physical monitoring along long transects, where a
range of ecological conditions is preferred.

Existence of permafrost. Obviously, permafrost should
exist at the site. This can be hard to determine where there are
substantial areas with no permafrost or where rocky soils make
probing or drilling difficult. In some cases, probing and/or tem-
perature measurements may be necessary to confirm whether or
not permafrost exists at a site.

Access. Good access is preferable for intensive monitoring
sites, due to the high costs of helicopter or airplane access. This
usually dictates placing sites near existing road or trail systems,
or in areas that can be reached during winter with over-the-snow
transport systems.

Availability of long-term climate data. It is desirable to have
major sites near a long-term weather station. The availability
of climatological data supplements the site measurements and,
after a few years, the measurements can be used to conduct site-
specific calibrations of models. Past climatological data can then
be used to drive the calibrated models to calculate realistic values
for active layer and permafrost conditions for the period of record
(Osterkamp and Romanovsky, 1999). The calibrated models can
also be used to project permafrost conditions into the future using
climate scenarios produced by global climate models.

Terrain. For ease of interpretation and to maximize the use-
fulness of the data, it is desirable to place sites for deep borehole
monitoring in relatively flat, undisturbed terrain (as determined
from aerial photographs and topographic maps). The surround-
ing area should be relatively flat to a distance of at least three
times the depth of the hole. However, if the only purpose of the
site is to determine change, then sites on slopes and ridges and in
hilly terrain can be utilized. For measurements of shallow ground
temperatures and physical characteristics, terrain with a range of
ecological characteristics is preferable.

Snow cover. The most desirable borehole sites are those
where snow cover is relatively uniform and where drifting is not a
major consideration. Along transects, snow cover can be expected
to vary.

Hydrology. Borehole monitoring sites should be placed far
from the influence of water bodies, springs, potential groundwater
flow, floods, icings, and areas of unusual ground wetness caused
by surface drainage. Seeps can be identified during summer, and
icings will be obvious during spring. For physical monitoring
along transects, groundwater and surface water can be expected
to vary as thermokarst develops.

Geology. Geothermal heat flow and the soil or rock in the
vicinity of a deep borehole site should be relatively uniform.
This rules out areas with sharp topographical changes and makes
those near active volcanoes or mud volcanoes suspect. Variation
of soil and surficial deposits along transects is preferable. Locat-
ing transects on bedrock is not appropriate.

Vegetation. Areas that have uniform conditions on the sur-
face and in the sub-surface are the most desirable for borehole
monitoring. Thus, boundaries between ecosystems, forest edges,
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and any sharp changes in vegetation should be avoided. Burned
areas should also be avoided, except in thermokarst studies. Varia-
tions in ecological characteristics along a transect are preferred.

Security. It is necessary that the study sites be secure from
human intrusion and disturbance over long time periods (prefer-
ably a century or more). This helps to ensure that the sites will
remain pristine so that observed changes can be attributed to
natural events.

Impacts on Ecosystems

Permafrost in Alaska and mountain permafrost in the con-
tiguous states forms the physical foundation on which terres-
trial ecosystems and infrastructure rest. Where the permafrost
is ice-rich, the potential problems associated with thawing are
illustrated in Figures 1, 4, 5, and 8. Mountain permafrost exists
in alpine ecosystems, and the primary problems there are associ-
ated with slope instability caused by thawing permafrost (thaw
slumps, landslides, rockfalls), thaw settlement (thermokarst),
loss of the impermeable layer that impedes drainage in moist to
wet ecosystems, and damage to infrastructure. Thus, there are
both economic and ecological reasons to monitor permafrost,
including mountain permafrost.

VITAL SIGNS MONITORING DESCRIPTIONS

The vital signs (thermal and physical states of permafrost)
and study methods discussed below were selected to answer criti-
cal questions about the influence of thawing permafrost on eco-
systems under a climate-warming scenario. Progression is from
simple to more complex methods of study. Only a few methods
are described, but several may be available in the literature. Com-
plex and expensive geophysical (Brown, 1985) or remote sensing
methods are avoided because they are not practical for widespread,
routine monitoring. It is highly recommended that an expert in
permafrost studies be made part of any monitoring team from the
beginning to provide advice, training, help with the experimental
design, and help with the many facets of site selection.

Thermal State

Permafrost is defined by its temperature, which determines
its physical condition. The phase equilibrium temperature (0 °C)
is critical because warmer ground cannot contain permafrost. The
mean surface temperature is of primary interest, since this is the
surface boundary condition that influences future thermal states.
If the surface temperature warms and stays warm for a long time,
the warming will penetrate slowly downward until it reaches the
base of the permafrost, whereupon thawing will begin there. Per-
mafrost with mean surface temperature colder than —3 °C is not
in immediate danger of thawing. However, under warming cli-
matic conditions, permafrost within a degree or two of thawing
may soon begin to do so. Monitoring the full temperature profile
of a deep borehole and the corresponding surface temperature
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history can tell us if the permafrost is warming or cooling, if it is
in danger of thawing, if it is thawing, and the rate of thawing at
its surface and base (Osterkamp, 2008).

Level 1. Determination of Frozen or Thawed State

A first step in studying permafrost is to determine its pres-
ence or absence and its distribution in the park. Initially, soil sur-
vey maps, reconnaissance permafrost maps, or spatial modeling
should be used to identify areas where permafrost is likely. Field
work to confirm the presence of permafrost is done by physi-
cally probing the ground with a handheld probe to determine the
presence and depth to an underlying frozen layer (permafrost
surface). The presence of permafrost is inferred when the probe
strikes a hard surface. This can be uncertain in areas with gravel,
rock, or hard subsurface layers, or where the permafrost table
is deep; thus, a temperature measurement may be required. The
presence of permafrost can also be confirmed, where it is shallow,
by digging a pit and visually confirming the presence of ice in the
soil in late summer. Generally, it is desirable to make tempera-
ture measurements at a few selected points to positively establish
the presence of permafrost. When coupled with a temperature
measurement made at the top of the hard surface, probing in late
summer gives the depth to the permafrost surface (active layer
thickness). The depth to the top of permafrost in saturated soils
is typically less than one meter, although it may reach several
meters in coarse dry soils or rock.

Probing is usually done once a year, in late summer or early
fall, near the end of the thaw season and just before the time that
decreasing ground surface temperatures reach 0 °C. Only one
person is necessary, although two are desirable since removing
probes from the soil can be strenuous. A tile probe is used, which
many researchers fabricate out of metal rod. The tip of the rod
should be slightly larger than the shaft to facilitate insertion and
removal. In practice, the probe is pushed into the soil using the
weight of the observer. Downward motion ceases when the tip
reaches the permafrost surface. It may be useful to raise the probe
a few centimeters and thrust the tip downward again. Hitting fro-
zen soil makes a dull thud, while rock makes a distinct clinking
sound. The depth is then recorded to the nearest centimeter and
the probe removed. The error in the measurement is usually a
few centimeters, partly because of compressible vegetation at the
surface and also because of the potential presence of a somewhat
“soft” (partially frozen) layer near the permafrost surface that
contains unfrozen water and ice. For areas where the permafrost
has already thawed, extensions can be added to the tile probe to
reach depths of 3 m or more. This is more difficult and requires
two people to push and retract the probe. Alternatively, a probe
powered by a mechanical driver can be used (Esch, 1982). In
cases where permafrost is not found, the observer should record
the maximum depth of probing.

A hollow probe may be used to remove uncertainty about
the presence or absence of permafrost. Once the maximum
depth of penetration has been reached, a temperature sensor
(usually a thermistor on the end of a wire attached to a com-
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mercial readout) can be lowered inside the rod to the tip. The
temperature is then recorded to the nearest 0.1 °C. Alternatively,
the probe could be removed and a commercial soil tempera-
ture probe inserted to the bottom of the hole. This temperature
should be close to 0 °C, unless salts are present that lower the
phase equilibrium temperature at the permafrost surface. If
desired, a transect can be made by probing at intervals along a
tape measure laid on the ground. The recorded data (date, time,
location, vegetation, soil type, depth of permafrost, and tem-
perature if measured) need little interpretation. A simple graph
of location versus depth to permafrost provides a visual image
of the permafrost surface.

The equipment required consists of a probe, tape mea-
sure, a method of determining position (e.g., a long tape), and
a method for measuring temperature. If the same site is to be
probed annually, then a method for returning there needs to be
established, such as stakes driven into the ground, or a bore-
hole pipe as a bench mark. Geographical coordinates should be
measured for all reference markers with a Global Positioning
System (GPS).

The level of expertise required is that of a trained Student
Conservation Association member (SCA) or volunteer. On-site
training by a scientist (half a day, one time only) is needed. A soil
probe and a temperature measuring device would be required.
Costs would be low (Iess than $1,000; all amounts herein in US$)
unless a mechanically powered probe was needed and had to be
fabricated. A 100 m line, or ~50 points, could be probed in about
half a day. Data reduction, graphics, and archiving requires a sci-
entist for about half a day.

Level 2. Permafrost Surface Temperature

The surface temperature history of permafrost is the upper
boundary condition that plays a major role in determining
its internal temperatures. Surface temperatures can be mea-
sured using relatively simple and inexpensive dataloggers about
the size of a match box or cigar. These loggers, which have an
accuracy of 0.5 °C or better, are placed near the permafrost sur-
face and programmed to measure temperatures every 2—4 hours.
While some dataloggers can be left in place for several years
without replacing batteries or retrieving data, the usual proce-
dure is to return once a year in summer to retrieve the data and
replace batteries.

The access hole for the dataloggers has to be big enough for
the casing in which the logger is to be placed, and should pen-
etrate ~0.3-0.4 m into the permafrost. In fine-grained soils, the
hole can be drilled by hand with a soil auger. However, if soils
are coarse or the permafrost surface is deep, this can be difficult,
and a gasoline powered soil auger should be used. In some cases,
this method cannot be used because of difficulties with soil and
rock conditions or because the permafrost surface is too deep. An
alternative method involves driving a hollow probe to the per-
mafrost surface, leaving it permanently in place, and inserting
a temperature sensor attached to a datalogger (Osterkamp and
Harrison, 1982).
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Care should be taken to keep the site pristine. This can be
done by drilling through a thin piece of plywood (or a very stiff
tarp) large enough to stand on, so that the cuttings are deposited
onto the plywood. This way, the vegetative mat around the hole
is not severely compressed, soiled or torn.

A casing consisting of thin-walled metal tubing or plastic
pipe is then installed in the hole (Fig. 3) with the top extending
a few tenths of a meter above the ground surface. Cuttings from
the hole are used to backfill around the casing. Backfilling should
be done slowly and carefully to prevent any air gaps around the
casing. Tamping with a small rod is helpful. It is important to
provide a flange or cap at the bottom of the casing (Fig. 3) to seal
it and to prevent it from being heaved out of the ground during
freezing of the active layer.

After it has been prepared according to manufacturer’s direc-
tions, the logger is suspended inside the casing ~0.2—-0.3 m below
the surface of the permafrost on the end of a wooden rod or wire.
The purpose of the rod is to prevent air convection in the casing.
If a wire is used, pipe insulation that fills the casing should be
placed between the logger and top of the casing. A removable
waterproof cap should be placed on top of the casing. Water leak-
ing into the casing will freeze the logger into the casing. When
the annual data are retrieved, it is processed according to manu-
facturer’s instructions and usually displayed graphically.

An alternative is to use a multi-channel datalogger to measure
both the ground (5 cm depth) and permafrost surface (typically
1 m depth) temperatures. The permafrost surface temperature sen-
sor can be installed by driving a metal rod into the permafrost,
removing it, and then inserting the sensor in the hole. The datalog-
ger, which should be waterproof, can be placed under the vegeta-
tive mat to shield it from temperature extremes.

Casing

)
Ground surface

— — —— I
. R -

Active layer

Permafrost surface

—— ——  — .

1

| Logger-- ’]‘i_]

Figure 3. Schematic showing some of the details of the casing and
logger installation for measurements of the surface temperature of
permafrost.
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The installation of one datalogger at one site can be done by
one trained SCA/volunteer in about half a day. Training, consist-
ing of a supervised installation by a scientist (one day, one time
only) at one or two sites is needed. A scientist would be needed
for preparation of the datalogger, (less than half a day). A soil
auger, plywood, casing with caps for both ends, datalogger and
readout device, and rod or wire (with insulation) are also needed.
The costs for equipment are less than $1,000 per site. Data reduc-
tion, graphics, and archiving for the annual data from one site
requires a scientist for half a day.

Level 3. Permafrost Temperature Profiles

Vertical temperature profiles measured through the full
thickness of the permafrost and into the underlying unfrozen
material can be used to determine the annual mean temperature
at the permafrost surface; annual amplitude with depth; thermal
properties; heat flow (in the permafrost and into the permafrost
from below); phase equilibrium temperature at the base of the
permafrost; and thawing or freezing rates at the base of the per-
mafrost. A borehole is required for access to the permafrost. Cri-
teria for site selection are discussed in the previous section.

While it is desirable to completely penetrate the permafrost
with the borehole, useful information can be obtained from shal-
low boreholes (1020 m in depth). Boreholes should be drilled
during spring, when the active layer is frozen and the snow cover
is deepest, to minimize disturbance to the vegetation and ground
surface. If the drill rig is large, it should be track mounted. This
drilling is normally contracted out to professional drillers. How-
ever, for shallow holes where the drilling is not difficult, it is often
possible for investigators to drill the holes themselves using small
portable equipment (Osterkamp and Harrison, 1982). Air drilling
and augering are common because they minimize disturbance to
the thermal regime around the hole. Plywood or tarpaulins should
be placed on the ground in areas of high use around the drill rig,
with the hole drilled through the plywood. Sharp turns with the
drill rig while approaching or leaving the site should be restricted
to avoid tearing the vegetative mat.

Ideally, sampling should be done in each formation encoun-
tered during drilling, as determined from the drill cuttings.
However, repeated sampling can quickly drive up drilling costs.
Drill cuttings for the relatively shallow holes drilled in parks for
permafrost investigations are sufficient to identify soil and rock
types. When the drilling is completed, a galvanized iron water
pipe (typically % inches inside diameter) is placed in the hole,
which is backfilled with cuttings from the hole. The backfilling
must be done slowly and carefully to prevent bridging and air
spaces around the pipe. Sand added to the cuttings helps alleviate
these problems.

Two methods for measuring temperatures are commonly
used. In the first, a single sensor on the end of a cable is low-
ered into the borehole while temperatures are measured automati-
cally or manually (Osterkamp, 1985). This method is technically
sophisticated and capable of accuracy better than 0.001 °C (Clow
et al.,, 1996). In the second method, a commercially calibrated
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multi-sensor cable is installed in the borehole. The cable may have
an attached datalogger or the sensors can be measured manually
with a portable commercial read-out device. While the accuracy is
typically much lower, this method is still satisfactory for monitor-
ing change. With a multi-sensor cable, depths are fixed and deter-
mined by the spacing of the sensors in the cable. Installation of the
cable is done according to manufacturer’s instructions. Care should
be taken to reference the sensor depths to the top of the pipe. Non-
freezing fluid (e.g., silicone) should be poured into the pipe to pre-
vent any convection in the pipe, particularly if the cable diameter
is much smaller than the pipe diameter. If a datalogger is used, it
is necessary to download the data to a storage device according to
the manufacturer’s instructions. The data are then returned to the
office and transferred to a computer. With a manual read-out, the
data are handwritten in the field and entered into a computer later.
Examples of the data are shown later in this chapter.

The services of an expert are needed for site selection, drill-
ing, cable installation, and detailed interpretation of the data. The
annual data can be obtained by a trained SCA/volunteer or tech-
nician in one annual trip to the site (half a day). Data reduction,
graphics and archiving for the annual data from one site requires
a scientist for one day.

The information developed from permafrost borehole tem-
peratures can be made more useful by adding measurements of
air temperatures, ground and permafrost surface temperatures,
and snow-cover thicknesses at the site (Osterkamp, 2003b). These
supplementary measurements allow prediction of past and future
permafrost temperatures using calibrated models.

Physical Conditions

Permafrost provides mechanical support for soil and veg-
etation development and controls hydrologic movement and,
therefore, is fundamental to controlling ecosystem processes in
cold environments. The characteristics of primary importance are
microtopography, which affects surface-water movement, and the
frozen/unfrozen status of the permafrost, which affects permea-
bility and drainage. Changes in the water table or free drainage of
the soil, due to microtopographic position or subsurface drainage,
affects soil oxygen, decomposition, and nutrient cycling. These
physical characteristics of permafrost can be assessed at three
levels. First, a qualitative assessment of the presence or absence
of various forms of thermokarst provides significant information
about ground ice and the potential for large-scale conversion of
permafrost-dominated ecosystems into other ecosystems. At the
second level, involving simple quantitative measurements, the
most important parameters for monitoring are ground surface
topography, thaw depths (frozen/unfrozen status), and water sur-
face elevations. At the third level of effort, detailed descriptions
and measurements of soil and ice stratigraphy from core samples
or bank exposures help to evaluate rates of change and to develop
predictions of how terrain and ecosystems are likely to evolve.
Finally, remote sensing can be used to develop precise estimates
of the extent and rate of permafrost degradation.

Osterkamp and Jorgenson

Level 1. Thermokarst Features

Observations of the presence or absence of thermokarst
features can provide evidence of the nature and rate of change
associated with permafrost degradation. These observations are
particularly useful in lowland areas with ice-rich, fine-grained
soils that are susceptible to thaw settlement, but are of little
use in upland areas with coarse-grained, thaw stable soils. In
high alpine areas, landslides and rock falls may indicate degrad-
ing permafrost. For most permafrost-affected areas, even basic
information about the presence of thermokarst features is lack-
ing. Interpretation of the presence and type of thermokarst
can be greatly improved by the classification of geomorphic
features.

Two sampling designs for observing thermokarst and geo-
morphic features are appropriate, depending on whether the
observations can be incorporated into other studies. The most
cost-effective approach is to make the observations part of the
sampling protocol for vegetation monitoring. Thus, vegetation
changes can be linked to permafrost and geomorphic observa-
tions. Alternately, a separate effort can be made to make obser-
vations stratified by another environmental variable, preferably
using ecosubsection or soil-landscape maps. For areas with road
systems, the observations can be made along the road. For more
remote areas, the observations can be made by fixed-winged air-
craft or helicopter flying a low-level (100 m) flight route designed
to sample one-third to one-half of the subsections within each
park. The sampling should take one day for each park and should
be done once every five years.

The classification of thermokarst features should be done
according to the system described by Jorgenson and Osterkamp
(2005). Photographs of the various classes are provided in Fig-
ure 4, and more detailed descriptions are given in the paper. A
photograph should be taken at each location described for con-
sistency review.

The classification of geomorphic features entails components
at three scales: landforms (geomorphic units), macrotopogra-
phy (slope shape and hillslope profile), and microtopography
(periglacial features). The observer can use a national system
if there is a need for standard terminology for all parks (NSSC,
2002). More concise and relevant systems have been developed
for Alaska that are more appropriate for permafrost areas. This
classification of landforms (also referred to as geomorphic units,
terrain units or engineering geology) should follow the classifica-
tion of Kreig and Reger (1982), which has been further refined
for use in other areas of Alaska (Jorgenson et al., 1999, 2001b,
2004). Macrotopographic classification should follow that of the
NSSC (2002). Microtopography should follow that of Wash-
burn (1973), which has been updated by Jorgenson et al. (1999,
2004). A tabular listing of the more common classes is provided
in Table 1.

Classification of thermokarst features requires a physical
scientist or ecologist with one day of specialized training. The
work can be a precursor to assess whether more intensive transect
monitoring is required when thermokarst becomes evident. This



Figure 4. Photographs representing the most common modes of permafrost degradation in Alaska. Clockwise from up-
per left, these include: (1) thermokarst lake on the Muddy River Flats, northwest Denali National Park; (2) glacial
thermokarst lake on a vegetated, ice-cored moraine; (3) collapse-scar bog infilling with Sphagnum mosses on the Tanana
Flats near Fairbanks; (4) high-centered polygons with water-filled troughs formed from degrading ice wedges near Fair-
banks; (5) thermokarst gully formed by downslope movement and channelization by water; (6) thermokarst mounds from
minor uneven thaw settlement; (7) thermokarst pit filled with water on the Tanana Flats; and (8) the “moat” on the edge
of a collapse-scar fen on the Tanana Flats (photographs by T. Jorgenson).



TABLE 1. A TERRAIN CLASSIFICATION FOR ASSESSING GEOMORPHIC CHANGES ASSOCIATED WITH THERMOKARST

Code Geomorphic Unit Code Macrotopography Code Microtopography
Bx Bedrock—undifferentiated C Crest N Nonpatterned
Bxr Bedrock, residual soil FH Plateau (high flats) P Polygons (ice aggradation)
Bxw Bedrock, weathered S Slope, undifferentiated Pr Polygon rim
Cc Colluvial deposit Sh Shoulder Pc Polygon center
Ca Avalanche deposit Sb Bluffs/banks, unconsolidated Pt Polygon trough
Cf Slush flow deposit Sbs  Steep bluff—south facing Pd Disjunct polygon rims
Cg Rock glacier Sbr  Riverbanks PI Low-centered
Cl Landslide deposit Sc Cliff (rocky) Plll Low-centered, low-relief, low-density
Cm Mudflow deposit Su Upper slope Pllh  Low-centered, low-relief, high-density
Cs Solifluction deposit Suc  Upper slope, concave Plhl  Low-centered, high-relief, low-density
Ct Talus Such  Nivation hollows Plhh  Low-centered, high-relief, high-density
Ch Hillside colluvium Suv  Upper slope, convex Pm Mixed high and low polygons
Cu Slump deposit Sup  Upper slope plane Ph High-centered polygons
E Eolian deposit Si Lower slope Phl High-centered polygons, low-relief
El Loess Slc Lower slope, concave Phh  High-centered polygons, high-relief
Es Eolian sand deposit Sich  Nivation hollows T Thermokarst
F Fluvial deposit Slv Lower slope, convex Tp Pits (small features)
Fa Aufeis Slp Lower slope plane Tm Mixed pits and polygons
Fbo Braided overbank deposit T Toe slope Tc Collapse scar (large, rounded features)
Fbr Braided channel deposit U Undulating Tw Moats (linear, water filled)
Fdo Delta overbank deposit B Basins or depressions Tk Kettle (glacial)
Fdr Delta channel Bk Basin, kettle Tb Beads (as beaded stream)
Ff Alluvial fan Bt Basin, thermokarst Tt Troughs (degraded ice-wedges)
Fg Glacial/nonglacial, undifferen- Bd Basin, drained F Frost features
tiated granula deposit
Fh Headwater stream floodplain D Drainage-way Fh Hummocks (mineral cored)
Fmo  Meander overbank deposit F Flat or fluvial related Fr Reticulate
Fmr Meander channel deposit Fn Nonpatterned Ff Frost scars and boils
Fs Retransported deposit Fpp  Permafrost plateau Fc Circles (non-sorted, sorted)
Ft Alluvial terrace Fpa Palsa Fs Stripes (non-sorted, sorted)
G Glacial deposit Fm Flats margins Fn Nets (non-sorted, sorted)
Gm Moraine Fw Water tracks or feather pattern Ft Steps (non-sorted, sorted)
Gmo  Older moraine Fc Channel, swale or gut M Mounds (ice and peat related)
Gmy  Younger moraine Fi Interfluv or flat bank Mu Undifferentiated mounds (distinct)
Gt Till sheet Fl Levee Mi Ice-cored mounds
Ggm  Ice-cored glacial moraine Fb Bar Mpm  Peat mounds
GF Glaciofluvial deposit Fs Crevasse splay Ms String (strang)
Gfe Esker deposit Ft Terrace Mg Gelifluction lobes (saturated flow)
Gfk Kame deposit Ff Flood basin Mir Ice-shoved ridge
Gfo Glaciofluvial outwash w Waterbodies Mid  Ice-rafted debris
Gg Glacier E Eolian patterns Mrs  Soil-covered rocks
Ggs Snowfield Ek Streaked dune Mrb  Rocks, blockfields
GL Glaciolacustrine deposit Ed Dome-shaped Mrm  Rocky mounds/outcrops
H Human modified Ec Crescent Ml Tree mounds (downed logs and root balls)
He Excavation Ep Eolian parabolic dunes Mw  Mounds caused by wildlife
Hf Fill and embankments El Eolian linear dunes Mh Mounds caused by humans
Ht Mine tailings Er Reversing D Drainage or erosion related
L Lacustrine deposit Et Star Dt Water tracks (non-incised drainages)
Le Emergent lake bottom Eb Blowout Df Feather pattern (in fens)
Lt Thaw Basins and thaw Lakes H Human modified Dr Ripples
M Marine deposit Dd Flow dunes
Mb Beach deposit Ds Scour channels—ridges
Mg Glaciomarine deposit Dc Riverbed cobbles or boulders
Mp Alluvial-marine deposit E Eolian related
Mt Tidal flat Es Small dune
(0} Organic deposit Eb Scour depression
Ob Organic bogs w Water
Of Organic fen X Complexes
Os Organic swamp




Permafrost conditions and processes

type of reconnaissance level sampling should be done every five
years. The materials needed in the field are a classification proto-
col, field notebook or forms, shovel, 3 m tape, camera, and GPS.
Classification of landforms, however, can be more complicated
and requires more experience or specialized training. Classifica-
tion of macro and microtopography can be done reliably with
illustrated guides.

Level 2. Surface Characteristics and Thaw Settlement

Photo trend plots for surface characteristics. More detailed
information on topographic, soil, and hydrologic characteristics
associated with thermokarst can be obtained at semiquantita-
tive photo-trend plots (Fig. 5). This level of monitoring provides
information on the nature, rates, and consequences of change,
but sampling is usually insufficient to quantify the extent of
change throughout a park. Nevertheless, photographs provide an
excellent means of communicating the consequences of perma-
frost degradation to a broad audience. Photo-trend plots along a
transect should have three stakes placed at 0, 10, and 20 m. The
photograph should be taken with a moderate-resolution camera
(~4 MP) at the 0-m stake, with the picture centered on the 10- and
20-m stakes. The top of the picture should include only a little bit
of sky above the horizon; thus, most of the photograph is of the
ground. The stakes should be painted with 20 cm graduations for
scale. The photos should be labeled with park code, site, year,
and photographer’s initials (e.g., DENA00012004mtj). Informa-
tion collected at the time of the photo should include: Plot ID,
date, time, observer, GPS coordinates (NADS83), thermokarst
mode, geomorphic unit, macrotopography, microtopography,
dominant plant species, thaw depth at each stake, and notes of
pertinent observations.

A permafrost expert is needed for several days to help
establish a network of photo-trend plots in areas of degrading
permafrost. Once located, a technician can set up, photograph,
and document a site in less than half a day. Data compilation and
archiving also takes less than half a day per site.
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Topographic surveys for thaw settlement. Survey transects
are recommended for obtaining precise, quantitative data on the
extent and magnitude of thaw settlement associated with deg-
radation of ice-rich permafrost (Fig. 6). The survey transects
also provide data on thaw depths and water level changes asso-
ciated with permafrost degradation, and tie the measurements
into surface elevations. Survey transects should be 200 m long
and oriented perpendicular to the topographic gradient or across
thermokarst features. The transects should be staked (2”7 x
2” x 2" wooden stake if visibility is important, or a 30 cm piece
of 34” painted rebar protruding 10 cm out of the ground) at 50 m
intervals to facilitate precise relocation of sampling points along
a tape measure. Ground surface elevations should be surveyed to
the nearest centimenter at 1 m intervals along the tape measure,
using an auto-level or laser level set at the 100 m stake. Ideally,
a temporary bench mark (TBM) should be established by cor-
ing or hammering a 34” x 4’ rebar into the permafrost and the
TBM referenced to true elevations through DGPS or level sur-
veying techniques. Even without a TBM, the relative elevations
taken over differing periods can be adequately matched to reveal
differential settling. During leveling, the water-surface eleva-
tion of every water body should also be recorded. After level-
ing, a metal-tile probe (e.g., AMS extendable tile probes) with
4’ extendable sections should be used to determine thaw depths
every 2 m along the transect. In segments where thaw depth is
more than 2 m, thaw depth measurements down to 3 m should be
taken every 5 m to confirm the absence of permafrost. In rocky
soils, probing will not be feasible. Groundwater wells (1.5” x
1 m, slotted ABS or PVC pipe) should be installed at 5—10 high
and low points along the transect. The pipe should extend down
to the bottom of the active layer if permafrost is present, and
down to 1 m if permafrost is absent within the top 1 m. Depth to
the water table (+ for above ground surface, — for below ground
surface) should be measured to the nearest centimeter at each
well. Finally, photos should be taken of the transect at each
50 m stake.

Figure 5. Photo-trend monitoring of the collapse of a birch forest on permafrost as it degrades into a collapse-scar fen
(photographs by Chuck Racine).



216

Osterkamp and Jorgenson

216
Open Black Spruce Forest Open Black Spruce Birch Forest GOS“I’IQ Lake
214 MBC:? _ Transect 1, Unburned
eadow
[ Thermokarst
212 J l ] Lake
= - : = v . Meadow :
210 4 W » THErm0: = oM S e Thaw setiement §
1 H - karst Abandoned == [amtTen 20 =3em i
’é“ ¥ L - Pt Floodplain ) ! - A i 3
08 | st ~ Deposit [ B :
iel | e - 1
= | Bt CRYOGENIC
2206 | @i SoL STRUCTURE ; :
= i ; dghtbompsat b [P - s layerd L0
i 3 e Y 24 .
| = : : B - b 2 {7 T, e o o
204 - s g
! . " beownish geey sit y micraentul - brade: y ¥ lons:
i - ) a2 aeysin . m’“’ e ets” o T1-900m: N&3.0080 W1S1.0980104
202 4 .. - 7. oyt D — LT Approximate elevation based on GPS
e -microenticular [T ‘o0
| & : e S ——— Ground Elevation (m)
| = peyfnesand X %[ massive 7 I Permafrost Elevation (m)
200 4 T A. . e ystr o m A \;."ater Surface Elevation (m)
2 nclusions of . a lots
. pet 8} 20 wood (b} i e L —&— Unfrozen Elevation (m)
. LAl g
198 __ Ufazer
0 20 40 60 80 100 120 140 160 180 200
Distance (m)

Figure 6. A survey transect of an area near Gosling lake, Denali National Park, Alaska. Relative elevations of the ground
and water surfaces, position of the top of the permafrost, and the location of taliks (thawed areas in permafrost) are shown.

Soil illustrations by M. Kanevskiy.

Data collection for the transect surveys can be done by tech-
nicians with half a day of training and with inexpensive equip-
ment. The equipment needed includes an auto-level, rod, tripod,
100 m tape, 3 m tape, stakes, metal tile probe with extensions,
and ABS pipe for shallow wells. Each transect takes half a day
for two people to completely survey. The surveying should be
done in late summer every two to three years. Data compilation,
graphing, and analysis requires a scientist for one day per site.

Level 3. Soils and Ground Ice Stratigraphy and
Remote Sensing

Stratigraphy. Two types of studies should be undertaken to
better quantify the dynamics and distribution of ground ice and
permafrost. First, detailed descriptions and sampling of soil and
ice characteristics are useful for evaluating thermokarst poten-
tial before thermokarst occurs and the response of soils after
thermokarst. Second, remote sensing techniques are useful to
quantify the nature and extent of permafrost degradation within
a park.

Soil and ice stratigraphy should be described at 4-7 loca-
tions representing differing terrain conditions (depending on the
number of terrain types) along each survey transect. The stra-
tigraphy of the near-surface soil (i.e., the active layer) should
be described from soil pits or cores to assess the depth of thaw,
surface organic thickness, and mineral characteristics. Below
the active layer, 2-3-m-long frozen cores can be obtained using

a 7.5-cm-diameter SIPRE corer with a portable power head. If
bank exposures are present nearby, the profiles can be obtained
after unfrozen material is removed with a shovel to expose undis-
turbed frozen sediments. The face of the exposure should be
cleaned with a 6” inshave draw knife, trowel, knife, or other suit-
able tool. After obtaining the cores or cleaning off the exposure,
the soil material should be allowed to thaw for 5-20 minutes
to allow the ice features to become more distinct; then, overall
and detailed photographs should be taken. A tape measure or
other scale should be included in the photos, as well as a site
label, boldly written on a yellow “stickynote.” Descriptions for
each profile should include the fine and coarse textures of each
horizon, peat type, coarse-fragment percentage, boundary con-
ditions, organic-matter depth, thaw depth, and visible ice vol-
ume and morphology. Soil texture should be classified accord-
ing to the Soil Conservation Service system (SSDS, 1993). Ice
morphology can be classified using the information provided in
Table 2 and Figure 7 (adapted from Murton and French, 1994;
Shur and Jorgenson, 1998).

Soil samples should be taken at 20 cm depth intervals for
determination of volumetric and gravimetric water content, dry
density, pH and electrical conductivity. For core samples, the
soil volume of each sample should be determined in the field
by measuring the length and circumference of each core, with
each measurement replicated at different places on the core. For
exposures, a portable electric drill, 18-24 V, equipped with a



TABLE 2. SYSTEM FOR CLASSIFYING GROUND ICE STRUCTURES

Primary (Continuity)

Secondary (Shape or Bedding)

Tertiary (Size or Clarity)

Pore (P) (structureless®)
Organic-matrix (O)
Crustal (C)

Vein (V)(vertical)

Bedded (B, layered, belts)
Lenticular (L)

Reticulate (R)(net-veined)

Ataxitic (A) (suspended)
(50-95% ice)

Massive (solid)
(>10 cm thick, >95% ice)

Nonvisible (n)
Uniform (u)
Irregular (i)
Wavy (w)

Horizontal or planar (h)

Wavy (w)

Curved (c)

Crossbedded or inclined (x)
Trapezoidal (prismatic) (t)
Blocky (lattice, blocky) (b)
Curved or crescent (c)

Platy (p)

Round (r)

Blocky (b)

Platy (p)

Non-stratified, massive (n)
Horizontally stratified, sheet (h)
Vertically stratified, wedge (w)
Vertically stratified, other (v)
Irregularly stratified (i)
Fractured (f)

Discontinuous or porous (d)
Columnar (1)

Ice thickness

Very fine (<0.5 mm) (v)

Fine (0.5— <1 mm) (f)

Medium (1-3 mm) (m)

Coarse (3—5 mm) (c)

Large (5—10 mm)(l)

Very large (10-30 mm (g)
Extremely large (30—-100 mm) (e)

Thickness of Soil Inclusions

Same sizes above

Clarity

Clear (c)

Clear soil inclusions (s)
Opagque, clean, white, (w)
Opaque, soil inclusions (i)
Opaque, rock inclusions (r)
Organic-rich, brown (o)
Detritus-rich, plant remains (d)

*Commonly used synonyms.

Reticulate

Ataxitic

Massive

Figure 7. Representative photographs of the major forms of ground ice. The ice structures are closely related to the soil
texture, temperature regime, and stage of ecological development (photographs by T. Jorgenson).
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2” diameter hole saw can be used to obtain samples from the
exposure wall. The samples should be placed in a quart-sized,
re-closable, plastic freezer bag and labeled with site identification
and depth. The samples should be weighed for wet weights soon
thereafter or frozen for later analysis. After thawing, soil pH and
electrical conductivity (EC) should be measured in the bag if the
soil is sufficiently wet, or a saturated paste can be made by adding
distilled water to the sample. The samples should then be dried at
60 °C to constant weight, then weighed for dry weight. The field
volumetric and lab weight measurements should be used to com-
pute volumetric moisture and dry density. Additional desirable
analyses are: (1) total carbon and nitrogen (TNC Leco analyzer)
for assessing soil response to degradation, and (2) radiocarbon
dating of organic samples obtained from the base of the organic
horizons in the core or exposure.

The soil stratigraphy and ground ice descriptions should be
done by a permafrost scientist. While a physical or soil scientist
can be trained fairly quickly in sampling and description, inter-
pretation of the data requires substantial experience. Data acqui-
sition requires a scientist and one or two technicians for one day
per site. Data compilation and analysis requires a scientist, one
day per site. Fortunately, the soil sampling needs to be done only
once when establishing baseline conditions and is not a routine
monitoring requirement.

Remote sensing. The abundance and distribution of thermo-
karst is best determined through remote sensing. The acquisi-
tion and analysis of LIDAR (light detection and ranging), high-
resolution satellite imagery (<5 m resolution), and high-resolution
aerial photography are all effective for mapping thermokarst but
vary in cost and resolution (Karle and Jorgenson 2004). Moder-
ate resolution imagery (15-80 m), such as Landsat, is not recom-
mended for site-scale monitoring because thermokarst is often a
small-scale phenomenon.

LIDAR can be used to collect detailed topography of an
area and to provide high-resolution imagery for quantifying thaw
settlement. LIDAR is best for detecting change over time by sub-
tracting surface elevation over time. However, the cost is high,
and analysis is intensive.

High-resolution satellite imagery (e.g., Quickbird, Ikonos)
can be obtained for selected areas or entire parks. The images can
be manually photo-interpreted to delineate thermokarst features,
or a point-sampling system can be used to determine the presence
or absence of permafrost features at systematically distributed
grid points. The satellite imagery has the advantage over LIDAR
in that vegetation patterns on the images are important for identi-
fying thermokarst features, and the images can be used for other
purposes, such as vegetation monitoring.

High-resolution aerial photography can be obtained with
specialized, high-quality aerial cameras mounted in specialized
aircraft or with a small fixed-wing aircraft equipped with a cam-
era mount and a high-resolution (>6 MP) digital camera. Aerial
photographs can be obtained at systematically distributed grid
points or in dedicated blocks of terrain. The advantages of the
aerial photographs and grid sampling approach are that costs are
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modest ($3,000 to $10,000) for small, fixed-winged aircraft, res-
olution is high (pixel <1 m), thermokarst features can be reliably
identified, and the probability of capturing the entire photo-set in
one season is much higher.

Thermokarst features obtained from small fixed-wing air-
craft are illustrated in Figure 8. Sampling of thermokarst features
on the photography can be done at two scales. First, the presence
or absence of thermokarst features can be photo-interpreted at
the center point of each photo (or at multiple points if desired)
and frequency of thermokarst features can be tallied to quantify
the extent of thermokarst and the modes of permafrost degra-
dation. Second, the presence or absence (or percent cover) of
each type of thermokarst mode can be estimated for the entire
photograph, or within a set radius around the center point. These
data are useful to assess the amount of terrain that could be sus-
ceptible to thermokarst. Together, the point sampling provides
a precise estimate of thermokarst extent, while the assessment
of thermokarst within the larger area of each photograph pro-
vides an indication of how much terrain may be susceptible
to thermokarst.

Remote sensing of thermokarst abundance and distribution
can be done with personnel that have had one day of training.
Acquisition of aerial photography requires an experienced fixed-
wing pilot, a small plane with a belly mount for the camera, a
high resolution digital camera, and a GPS. The photographs
should be taken at predetermined locations along transects, with
the coordinates uploaded into the GPS. The camera operator
should take the pictures as the aircraft reaches the assigned loca-
tions. Ideally, the camera should be linked to the GPS to imbed
the actual coordinates into the digital file information. Interpreta-
tion of the airphotos should be done by an expert, but an entry
level scientist can also be trained to interpret airphotos using an
airphoto key with illustrated examples. Management of photos
and data acquired from a series of photos requires several days.
Photo-interpretation of thermokarst features at a sampling point
takes less than one hour per photo.

STUDY DESIGN

There are a number of questions that should be addressed in
developing a monitoring program for permafrost. While perma-
frost is common to most of the parks in Alaska, it exists only at
high altitude in the contiguous states. Little is known about this
high-altitude or mountain permafrost, although some inferences
can be made (Péwé, 1983). This temperate latitude mountain per-
mafrost is most likely found where annual mean air temperatures
are ~0 °C or negative, snow cover thicknesses are relatively thin,
and solar radiation input is low. This suggests high, windswept,
north-facing slopes and ridges. An example is Niwot Ridge at an
elevation of 3500 m in the Rocky Mountains west of Boulder,
Colorado. This permafrost may be expected to be sporadic in dis-
tribution, warm (within a degree or two of thawing), and highly
susceptible to climatic warming. The questions that a resource
manager needs to address are discussed below.



Figure 8. Aerial photographs illustrating the most common types of thermokarst terrain in Alaska. Clockwise from upper
left, these include: (1) thermokarst lake on the Innoko Flats; (2) glacial thermokarst lake on the Muldrow glacier moraine;
(3) collapse-scar fen on the Tanana Flats; (4) polygonal thermokarst mounds and water filled troughs on the Arctic Coast-
al Plain; (5) thermokarst pits within birch forest patches surrounded by larger collapse-scar fens near Fairbanks; (6) thaw
slump near the Noatak River; (7) thermokarst gullies near Healy; and (8) collapse-scar bogs on the Innoko Flats. These
distinct features can readily be identified and mapped or point-sampled from high-resolution airphotos or satellite imag-
ery. (Vertical airhotos 1, 2, 3, 7, and 8 by T. George; 4 by Aeromap; and oblique airphotos 5 and 6 by T. Jorgenson.)
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Questions and Priorities

1. Is permafrost present, and is there any evidence
(thermokarst terrain, landslides, rock falls) that it has
thawed in the past?

The probing method (discussed in this chapter) when
coupled with an occasional temperature measurement or an
excavated pit provides the necessary information to determine
whether permafrost is present. Field work for probing helps
discover if there is any thermokarst terrain (including land-
slides, rock falls) that would indicate that ice-rich permafrost
has thawed in the recent past. This information also provides a
qualitative indication of the potential for change associated with
climatic warming.

2. What is the current thermal state of the permafrost, and
what is the current extent of the thawing?

Permafrost surface temperature measurements (discussed in
this chapter) provide a partial answer to this question. However,
much more detail is provided by borehole temperature measure-
ments even if the hole is shallow (10-20 m). This information,
when coupled with the current extent of thermokarst, provides a
quantitative assessment of the changes associated with climatic
warming since the late 1800s.

3. What is the projected future thermal state of the
permafrost, and what are the rates and characteristics
of change associated with thermokarst terrain?

Relatively shallow borehole temperature measurements can
be used to calibrate thermal models. The calibrated thermal mod-
els can then be used to predict the response of the permafrost to
climate scenarios such as those generated by global climate mod-
els. If there are a number of sites where temperature measure-
ments are being made, and where information on soil ice contents
and the rates and characteristics of change in thermokarst ter-
rain are known, then it is possible to determine when and where
potential thawing in park ecosystems may occur.

For management of park resources, an important goal of a
permafrost monitoring program should be to develop a predic-
tive capability for determining the effects and impacts of climate
change on the permafrost. With the information generated by
answers to the above questions, thermal models of ground tem-
perature distribution within each type of ecosystem can be devel-
oped for the park. The thermal and thermokarst measurements
would be used to calibrate the model for each type of ecosystem.
The model can then be used to map the spatial distribution of
permafrost and its temperatures throughout the park ecosystems
and thereby identify those areas of warm permafrost that are most
vulnerable to change. Advanced knowledge of areas susceptible
to thermokarst can be used to develop management strategies to
avoid resource use conflicts.

A comprehensive yet practical sampling design for monitor-
ing permafrost within a park should include: (1) compilation of

Osterkamp and Jorgenson

existing soils and permafrost survey information when available,
or a reconnaissance-level survey and satellite image interpreta-
tion to assess permafrost occurrence when detailed information
is not available; (2) two boreholes at easily accessible lowland
and mountain sites; (3) 5-10 survey transects distributed within
riverine, lowland, and mountain ecosubsections (physiographic
landscapes); and (4) photo-interpretation of the presence and
type of thermokarst at 200-300 points on a large-scale grid, using
high-resolution satellite imagery or inexpensive aerial photogra-
phy obtained with a small aircraft. The reconnaissance surveys
would use satellite image interpretation, subsection or soil land-
scape maps, and limited ground-truthing by probing to identify
permafrost areas. Within the permafrost area, boreholes should
be placed in both a lowland and a mountain environment to cap-
ture the elevational temperature gradient and should be monitored
yearly. Survey transects should be established to monitor surface
and groundwater elevations, thaw depths, and temperatures at the
ground and permafrost surfaces. Temperatures at 5 and 100 cm
depths in the ground in two to four ecosystem types along the
transect should be measured with inexpensive dataloggers. The
transects should be monitored every two to three years. Finally,
remote sensing of the extent and type of thermokarst by point sam-
pling of high-resolution imagery should be done every 10 years.

CASE STUDIES

Permafrost is highly variable, both spatially and temporally,
s0 no one site can represent a wide range of permafrost char-
acteristics. We will present examples of results obtained using
the methods described above and using data from different sites
to provide a more complete illustration of the range of perma-
frost conditions.

Surface Temperatures

Temperature monitoring at a site near Denali National Park
shows that permafrost is present at this site since all tempera-
tures are at or below 0 °C (Fig. 9). There was a period extending
through the fall and half-way through winter where temperatures
remained at 0 °C. This was the time when the active layer was
freezing from the top down. Temperatures at the freezing surface
in the active layer and at the top of the permafrost were at 0 °C,
so that the intervening unfrozen layer was constrained at 0 °C.
This caused the permafrost to “disconnect” from the atmosphere
(i.e., the atmosphere could not influence permafrost tempera-
tures). Freezing proceeded from the ground surface downwards
and the heat of fusion at the freezing interface in the active layer
was conducted upwards through the active layer. Freezing also
occurred at the permafrost surface, producing a frozen layer that
thickened upwards with the heat of fusion conducted downwards
into the permafrost. With complete freezing of the unfrozen layer
on 2 February 1997, the permafrost was again connected to the
atmosphere and cooled rapidly.
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Figure 9. Permafrost surface temperatures
measured every 5 hours for one year at a site
near Denali National Park, Alaska.
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Permafrost surface temperatures continued cooling until the
beginning of April when warming began in response to warm-
ing air temperatures. Temperatures warmed rapidly during spring
and then continued warming slowly through summer until they
reached 0 °C about mid-September. At this time, the active layer
reached its maximum thickness, air temperatures were cooling
and the process was ready to repeat.

The annual mean temperature calculated from the data is
—0.4 °C, which is very close to thawing. When a multi-year data
set is available, trends in the permafrost surface temperature can
be determined. If air and ground surface temperatures and snow
cover thicknesses are measured, then a more complete interpreta-
tion of permafrost conditions, trends, and reasons for change can
be conducted.

Temperature Profiles

While detailed interpretation of the data requires an expert,
some information can be obtained by anyone with scientific
training. Figure 10 shows a temperature profile from a site in
Interior Alaska. Permafrost here is warm, with a mean surface
temperature near —1 °C, estimated by projecting the 10-20 m
temperatures in a straight line upward to the permafrost surface.
Permafrost depth is ~39.4 m, and there is a slight break in the
slope of the profile that may indicate a freezing point depres-
sion of about —0.16 °C at the base of ice-bearing permafrost. The
strong change in slope at 29 m is caused by a change in lithology
from sand to clay, as verified from drilling records. The gradual

8/15/1997

change below 40 m is caused by a change from sand with gravel
grading into claystone. Active-layer depth next to the pipe is over
a meter. Curvature in the top 22 m in fine-grained soils indicates
that a recent surface warming has occurred. Heat flow could be
calculated from the linear portion of the profile below 30 m, but
this profile is not an equilibrium one and the heat flow would not
be representative.

If a time series of temperature profiles are available, these
can be used to show how permafrost temperatures are changing
(Fig. 10). This hole was drilled in 1983 and permafrost tem-
peratures have warmed consistently since 1985, with the rate of
warming increasing significantly after 1995.

Survey Transects for Surface Characteristics and
Thaw Settlement

A monitoring transect established near Gosling Lake in
northwest Denali National Park (Fig. 6) shows that it has ice-rich,
abandoned floodplain deposits that are undergoing widespread
thermokarst, resulting in extensive development of thermokarst
lakes and bogs. The initial surveys of ground and water surface
elevations have established the baseline conditions for thawing
along the edge of the thermokarst lake and for the beginning
stages of a bog. A floating shore bog surrounds the margin of
the lake, and the surface stays slightly above the level of the lake
water. Water in the bog, however, is confined by the permafrost
and remains isolated from groundwater conditions. Active-layer
depths above the permafrost mostly vary between 40 and 60 cm
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along stable portions of the transect, but probing in the bog indi-
cates that permafrost has thawed up to 4 m below the surface,
and a talik (perennially thawed zone) has developed above the
permafrost. As a result of thawing, the ground surface is now
0.5 m below the original ground surface elevation, although a
floating mat of Sphagnum mosses covers the bog and masks the
original ground surface. Permafrost is absent at the margin of the
thermokarst lake. Probing revealed the presence of a thaw bulb
underneath the adjacent shoreline. Also of interest is the shallow
depression 40 m back from the lake edge, formed as a result of
the thin-surface permafrost layer above the thaw bulb that has
cracked and settled above the thawing subsurface material. A
repeat survey of the transect in 5-10 years will provide data for
quantifying the rate of subsurface thawing and lateral expansion
of the thaw lake and bog.

In the zone of discontinuous permafrost, where permafrost
temperatures are near thawing, measurements of the active layer
are particularly useful for monitoring the stability and degrada-
tion of permafrost. Because permafrost is near thawing, the active
layer may not refreeze to the permafrost surface every year. This
isolates the permafrost throughout the freezing season, causing it
to warm continuously during this period. In contrast, in the zone
of continuous permafrost, where mean annual permafrost tem-
peratures usually are lower than —6 °C, active layer monitoring is
a less useful indicator of permafrost stability because the active-
layer thickness depends primarily on summer thaw conditions,

and the active layer refreezes every winter. Consequently, the
active layer can vary considerably among summers, but it is dif-
ficult to detect a trend.

Soils and Ground Ice Stratigraphy

Information on the stratigraphy of soils and ground ice can
greatly aid in the interpretation of the dynamics of permafrost
degradation. On the Tanana Flats, where the surface topography,
groundwater, and thaw depths have been monitored since 1994
(Jorgenson et al. 2001a), subsurface conditions were sampled
through coring and deep probing (Fig. 11). The stratigraphy
included thick organic horizons at the surface, a moderately thick
silt layer, cross-bedded fine sands, and finally gravel at about the
4 m depth. The bottom of the organic layer had a calibrated radio-
carbon age of 7.7-8.8 ka B.P. (thousands of years before pres-
ent). This indicates that the area was initially covered by glacial
outwash from the Alaska Range during deglaciation in the early
Holocene. The area was then blanketed by eolian silt and eventu-
ally covered by organic material around 3.0-5.2 ka BP. This stra-
tigraphy is important because the gravel provides a porous mate-
rial for movement of water to a downward freezing front during
permafrost aggradation, and the silt texture is highly susceptible
to formation of segregated ice and frost heaving.

Close examination of the fibrous organic layers revealed that
herbaceous peat, composed of buckbean (Menyanthes trifoliata)
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Soil Stratigraphy - Tanana Flats
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Figure 11. Soil stratigraphy from shallow cores taken from the Tanana Flats, central Alaska illustrating differences in lithofacies and
ice structures among various ecosystem types. Pore and lenticular ice is associated with alluvial layered very fine sand and crossbedded
sand, and layered and ruptured layered ice is associated with a massive eolian silt deposit.

and marsh horsetail (Equisetum fluviatile), underlay the woody
forest peat associated with the current birch forest. Radiocarbon
dating of the herbaceous peat provided modern dates less than
300 years old. Macrofossil remains of plants that currently are
associated only with unfrozen conditions indicate that the terrain
has gone from unfrozen conditions within the past 100-300 years,
developed permafrost, and is currently becoming thawed once
again. Moderately thick ice layers in the silts are consistent with
downward freezing permafrost under low temperature gradients
with groundwater available to form thick ice layers at the freez-
ing front. The occurrence of fractures and horizontal displace-
ment of the ice and silt layers indicate that the permafrost was
deformed during heaving of the developing permafrost. Further-
more, the interpretation of the permafrost stratigraphy and history
was aided by the sampling and description of the soils that have
formed since the permafrost has degraded. Examination of the
fen peat in newly degraded areas provided evidence of the peat
structure, plant composition, and decomposition status of the fen

peat necessary to identify the fen peat in the soils underneath the
degrading birch forest.

Remote Sensing

Time-series analyses of high-resolution, historical aerial pho-
tography were used to assess long-term rates of permafrost deg-
radation on the Tanana Flats in central Alaska (Jorgenson et al.,
2001a) and on the coastal plain in northern Alaska (Jorgenson et
al., 2006). Both polygon mapping and point-sampling methods
were used to quantify the rate of permafrost degradation. The
more intensive boundary delineation provides information on the
change in areal extent of permafrost, rates of lateral change along
the permafrost boundaries, and visual features for interpreting deg-
radation patterns and ecological relationships. The point-sampling
method provides a rapid means for quantifying the changes in per-
mafrost extent and allows analyses of successional relationships
by comparing changes in ecosystem types at each point (Fig. 12).
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Figure 12. Vertical aerial photographs that were used to quantify the change in thermokarst abundance between 1978 and 1995. The
presence or absence of collapse-scar bogs (round, whitish features) and collapse-scar fens (pinkish or brownish, linear features lacking

trees) were noted at each cross-hair.

For this area of the Tanana Flats, the percent of the area where
permafrost has totally degraded has increased from 39% in 1949
to 47% in 1995. The point-sampling approach has also been used
in a statewide effort to quantify the extent of thermokarst features
across the discontinuous and continuous zones of northern Alaska
(Jorgenson et al., 2005, 2008).

CONCLUSIONS

Global air temperatures have warmed since the late 1800s,
and this warming has been pronounced during the last quarter cen-
tury. There has been a concurrent warming of permafrost. Much
of the discontinuous permafrost in Alaska is within a degree or
two of thawing, as is the temperate-latitude mountain permafrost
of the contiguous states. Global climate models predict contin-
ued warming of several degrees during the next century. If this
occurs, then much of the discontinuous and mountain permafrost
is expected to thaw. Widespread thawing of permafrost is already
occurring in some areas. Where the permafrost is ice-rich, thaw-
ing produces thermokarst terrain consisting of channels, pits,
troughs, potholes, ponds, lakes, “drunken forests” (trees lean-

ing in random directions), landslides, and rock falls. Thawing of
ice-rich permafrost with the creation of thermokarst terrain is one
of the primary problems facing northern and alpine ecosystems
as a result of climatic warming.

Thermokarst drastically modifies ecosystems, human activi-
ties, infrastructure, and the fluxes of energy, moisture, and gases
across the ground surface-air interface. Vascular and nonvascular
plant composition and distribution, plant community productiv-
ity, soil chemistry, biological activity, and nutrient supply for
plant use can be substantially altered by this geological phenom-
enon. Drainage conditions determine whether standing water
will be present or not. The affected trees usually die, and veg-
etation changes significantly. These changes in the flora have a
direct impact on the fauna. In lowlands or relatively flat areas,
a shift from boreal forests to lakes, shrubby wetlands or grass-
lands often occurs with concurrent changes in bird and animal
populations. The new ecosystems usually favor aquatic birds and
mammals. Thus, the result of thawing ice-rich permafrost is not
just a slight shift in the nature of the ecosystem but rather partial
or total destruction of the ecosystem, and its replacement by a
new ecosystem.
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Permafrost is a common feature of the landscape of most
Alaskan parks and preserves. Mountain permafrost (an estimated
100,000 km?) occurs in the contiguous states at elevations as low
as 2200 m. Many of the parks in western states have mountainous
areas with much higher elevations.

The combination of the above observations and conditions
and the predicted climate warming of the twenty-first century
are cause for concern about the future condition of permafrost in
national parks and preserves in Alaska and in the mountains of
the contiguous western states. Given the sensitivity of ecosystems
to permafrost degradation, a well-designed program is needed
to monitor the thermal and physical state of permafrost within
national parks. The monitoring should assess past changes, deter-
mine the current status, and monitor future changes. The ther-
mal aspect of this monitoring effort can be done at three levels
of effort, depending on personnel and funding: (1) probing to
assess the presence and distribution of permafrost with inexpen-
sive equipment;( 2) measuring permafrost surface temperatures
with inexpensive data recorders; and (3) measuring vertical tem-
perature profiles in boreholes. For physical monitoring, the three
levels of effort should include: (1) reconnaissance-level obser-
vations or photo-trend plots to track occurrence of permafrost
degradation; (2) detailed measurements of the relative elevations
of the ground surface, permafrost table, and water levels across
representative transects; and (3) remote sensing of the nature and
extent of the various modes of permafrost degradation. Informa-
tion (manpower, equipment, costs, etc.) for accomplishing these
tasks are summarized in Tables 3 and 4.
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